In this report some measurements are given in inch-pound units, and some laboratory data are reported in International System (SI) Units. Conversion factors from inch-pound units to International System Units are listed below. To convert from International System Units to inch-pound units, multiply by the reciprocal of the conversion shown.
Multiply
By Temperature is reported in degrees Celsius (°C). To convert to degrees Fahrenheit (°F), use:
Temperature °F = 1.8 (temperature °C) + 32.
The use of brand, firm, or trade names in this report is for identification purposes only and does not imply endorsement by the U.S. Geological Survey.
Sea level:
In this report, sea level refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929) a geodetic datum derived from a general adjustment of the first-order level nets of both the United States and Canada, formerly called Sea Level Datum of 1929.
IV Conversion Factors TEST HOLES FOR MONITORING SURFACE-WATER/GROUND-WATER
RELATIONS IN THE COTTONWOOD CREEK AREA, SHASTA AND TEHAMA COUNTIES, CALIFORNIA, 1984-85 By Michael J. Johnson, Ernest R. Houston, and John M. Neil ABSTRACT This report provides a summary of data collected at 10 test holes drilled to obtain hydrogeologic information for an investigation of stream-aquifer interaction in the area of proposed damsites on Cottonwood Creek and South Fork Cottonwood Creek.
Test holes were drilled at three sites adjacent to Cottonwood Creek and one site adjacent to South Fork Cottonwood Creek. At each site, one deep well was completed below the first confining clay encountered in the upper Tehama Formation. These wells ranged from 100 to 185 feet deep, and were constructed of 6-inch diameter casing with 5-to 10-foot screened intervals set in a sand pack.
At three sites along Cottonwood Creek, two shallow wells were drilled at each site on a line perpendicular to the stream channel.
These wells ranged from 43 to 85 feet deep and were of similar construction.
The deep wells were constructed to help determine the hydraulic gradients between the water-bearing deposits in the Tehama Formation and the overlying channel deposits. The shallow wells were constructed to determine if ground water in the channel deposits is moving toward or away from the stream channel and to monitor water levels.
A lithologic log of each well was compiled from analyses of drill cuttings.
Geophysical logs (natural gamma, spontaneous potential, single-point resistance, and caliper) were correlated with lithologic logs to determine the depths for setting the well screens.
Selected samples of drill cuttings were analyzed for grain-size distribution.
In addition, selected core samples were analyzed for grain-size distribution and vertical permeabilities.
After preliminary pumping at each well site to confirm hydraulic connection between the well and the Tehama Formation, water levels were monitored monthly from June 1984 to June 1985.
Water-level data indicate that at two of the four sites the water levels were above the altitude of the stream channel bottom during all streamflow conditions.
Results of tritium dating indicate that two wells have water more than 100 years old, and one well has either a mixture of old and new water or an intermediate-aged water.
INTRODUCTION
During the early 1980 T s the U.S. Army Corps of Engineers planned to construct dams on Cottonwood Creek and South Fork Cottonwood Creek in Shasta and Tehama Counties, California ( fig. 1) . The proposed damsites are in an area underlain principally by the Tehama Formation, which contains significant water-bearing alluvial-fan deposits.
These deposits comprise part of the larger regional aquifer in the Sacramento Valley.
There was concern that dewatering of the construction sites and filling of the reservoirs after construction could produce regional ground-water-level changes of some magnitude. To quantify the magnitude of these changes, the U.S. Army Corps of Engineers conducted and sponsored investigations to describe the hydrologic characteristics of the area.
In 1982, the U.S. Army Corps of Engineers asked the U.S. Geological Survey to analyze the hydrology of the Cottonwood Creek area. As part of this analysis, monitoring of ground-water levels in 98 wells and waterquality sampling in 50 wells was started during autumn 1982 (Evenson and Kinsey, 1985; Fogelman and Evenson, 1985) .
In addition, measurement of streamflow and sampling of surface-water quality at five U.S. Geological Survey streamflow stations was funded, and the U.S. Geological Survey began investigations to document channel capacity, low flow, and geomorphic characteristics of Cottonwood Creek, including definition of gaining and losing sections of the channel.
The U.S. Army Corps of Engineers also completed extensive hydrogeologic and engineering geologic studies at the proposed damsite areas.
In 1984, the U.S. Army Corps of Engineers asked the U.S. Geological Survey to expand its hydrologic studies to include a determination of groundwater movement through the Tehama Formation to predict ground-water-level changes that might occur during dewatering of the damsites and during subsequent filling of the reservoirs.
Before a comprehensive hydrogeologic analysis, aquifer characteristics and hydrologic relations needed to be defined.
In particular, the hydraulic connection between the streams and ground water within the upper Tehama Formation and their relations to the regional ground-water system needed to be determined.
As part of this initial effort, test sites were selected near stream channels at and downstream from the proposed damsites. At each site a deep well was constructed to monitor the hydraulic gradient between the waterbearing deposits in the Tehama Formation and the overlying channel deposits, measured within a shallow well or directly from an adjacent streamflow-gaging station. At some sites shallow wells were constructed to determine if ground water in the channel deposits was moving toward or away from the stream channel.
Purpose and Scope
The purpose of this report is to describe construction of the test holes and to document the preliminary data as they relate to aquifer characteristics and to surf ace-water/ground-water relations.
Limited interpretation of data is presented in this report because existing data (1985) do not explain the relations between the regional ground-water system, ground water in the upper part of the Tehama Formation, and streams at the study sites.
The scope of work consisted of drilling test holes adjacent to streams at four sites. Borehole-cutting samples were collected, and geophysical logs were run.
From this information, the defined lithology was used as a basis for placing well screens to monitor potentiometric heads in permeable zones. Selected cutting samples and a few Shelby tube core samples were tested in the laboratory for grain-size distribution and determination of vertical-hydraulic conductivity of selected confining clays.
Preliminary pumping confirmed hydraulic connection between the well and the aquifer and obtained water samples for tritium analyses.
Water levels in the test holes were monitored monthly for comparison with the regional ground-water network and with five streamflow-gaging stations ( fig. 1) 
Well-Numbering System
The well-numbering system used in California by the U.S. Geological Survey indicates the location of wells according to the system for the subdivision of public lands.
For example, the part of the number 29N/6W-12E1, preceding the slash indicates the township (T. 29 N.), the part after the slash the range (R. 6 W.), the digits after the hyphen the section (sec. 12), and the letter after the section number the 40-acre subdivision of the section as indicated in the lettered diagram below.
Within each 40-acre tract, the wells are numbered serially as indicated by the final digit of the well number.
Thus, well 29N/6W-12E1 was the first well to be listed in SWiNWi of sec. 12.
The entire study area is north and west of the Mount Diablo base line and meridian. The marine Cretaceous sedimentary rocks of the Great Valley sequence underlie the Tehama Formation and generally define the base of fresh ground water.
These thick Cretaceous deposits mostly consist of impervious sandstone and shale that contain brackish water. The rocks crop out in the low hills west of the study area along the eastern edge of the Coast Ranges ( fig. 1 ).
Unlike the overlying materials, these Cretaceous rocks dip steeply to the east (U.S. Bureau of Reclamation, 1968).
The fresh ground-water reservoir consists of the unconsolidated continental sediments of the Pliocene Tehama Formation and the Pleistocene Red Bluff Formation and the overlying Quaternary alluvium. The Tehama Formation is a clastic wedge of fluvial sediments deposited by coalescing alluvial fans that are thinnest on the west and thicken, due to subsidence during deposition, toward the center of the Sacramento Valley to the east (Russell, 1931) . Near the valley trough the formation may be as thick as 2,500 feet. The Nomlaki Tuff Member, a unique marker bed in the Tehama Formation, defines an eastward dip for the Tehama Formation of about 2° (U.S. Bureau of Reclamation, 1968). Helley and Jaworowski (1985) described the top of the Tehama Formation as a pediment, a planar erosional surface, gently sloping from the Coast Range foothills on the west to the local base level of the Sacramento River near the center of the Sacramento Valley. This erosional surface is mantled by as much as 40 feet of bright-red sandy and silty gravel of the Red Bluff Formation and was deformed by mild uplift and folding during Pleistocene time.
Steele (1980) differentiated five regional stream terraces in the northwestern Sacramento Valley that postdate the Red Bluff Formation and range in age from 4,000 to more than 250,000 years old. The oldest terraces are topographically highest.
The youngest terraces are lower, and generally parallel the Holocene stream channel and fluvial deposits of Cottonwood Creek and its tributaries. Nonmarine terrace deposits and the Holocene stream channel and fluvial deposits are mapped as a single unit, Quaternary alluvium, in figure 1. Generally, the Quaternary alluvium is less than 50 feet thick in the Cottonwood Creek area.
A generalized geologic section ( fig. 2 ) schematically illustrates the relations between the sedimentary deposits in the study area.
The Tehama Formation contains the principal water-bearing sediments from which most ground water in the area is pumped. Most wells are cased through the Quaternary alluvium and are less than 600 feet deep. The eastward-flowing Cottonwood Creek drainages generally cut across the lines of strike of the gently eastward-dipping beds of the Tehama Formation, and are a source of recharge to the more permeable beds (U.S. Bureau of Reclamation, 1978) . 
TEST DRILLING
To help determine the relation between surface and ground water, four test sites were selected for drilling:
Libera Ranch at the proposed Dutch Gulch damsite on Cotton wood Creek, Taylor Ranch at the proposed Tehama damsite on South Fork Cottonwood Creek, Sartori Ranch near the confluence of South Fork Cottonwood Creek with Cottonwood Creek, and Cottonwood Creek Ranch at U.S. Interstate 5 about 3 miles from the confluence of the two channels.
These sites were selected to be near previously established streamflow gaging stations ( fig. 1) . However, test holes at the Libera Ranch site were located at the proposed damsite about 1 mile upstream from the gage. Selection of sites was influenced by accessibility of the streambank for the drilling rig and the protection afforded the monitoring wells from winter storm runoff.
Well Construction
Ten test holes, one at the Taylor Ranch site and three at each of the other sites (table 1) , were drilled for this study. At each site one deep test hole was screened below the highest confining clay in the upper Tehama Formation.
At three of the four sites, two shallow test holes at each site were screened in either Quaternary alluvium or upper Tehama deposits containing unconfined water.
The deep test holes were constructed to help determine the vertical hydraulic gradient between the confined water-bearing deposits in the Tehama Formation and the overlying stream-channel deposits. The shallow test holes at each site were aligned perpendicular to the stream channel to determine if ground water in the shallow unconfined deposits is moving toward or away from the stream channel.
All wells were drilled by the U.S. Geological Survey's western drilling crew from Santa Barbara, California, using the direct mud rotary method. Holes were drilled using 12 1/4-inch and 9 7/8-inch tri-cone rotary bits. The rotary drilling rig and shaker tank circulated bentonitic drilling mud, and in some cases synthetic polymers, to prevent circulation losses.
The wells were cased with 6-inch diameter plastic well casing and screen of SDR 21 PVC strength.
The screen was constructed with 0.04-inch factory slots and designed with an open area of 22 square inches per linear foot. The bottom of the casing was capped in each well. The annular space adjacent to the well screen was filled with commercial sand with a uniform grain diameter that ranged from about 0.13 to 0.06 inch. The upper part of the annular space was sealed with grout containing seven bags of concrete per cubic yard. To protect the plastic casing, 10-foot lengths of 10-gauge steel pipe 10 inches in diameter were set into the cement seals of each well with 4 to 6 feet of the pipe extending above the ground surface.
The test holes were developed by the air-surge method, test pumped to determine yield, and completed as monitoring wells. A lithologic log of each well was compiled from analysis of drill cuttings.
Geophysical logs (natural gamma, spontaneous potential, single-point resistance, and caliper) were correlated with lithologic logs to determine the depths for setting the well screens. After well completion, water levels were monitored monthly by U.S. Geological Survey personnel.
Results
The lithologic logs, geophysical logs, test-pumping results, and initial water-level data collected at each site are described in downstream order.
Test Drilling 9 Libera Ranch
The Libera Ranch site is at the proposed Dutch Gulch damsite on the main fork of Cottonwood Creek, about 11 miles upstream from the town of Cotton wood ( figs. 1 and 3) .
The U.S. Geological Survey gaging station Cottonwood Creek near Olinda is about li miles downstream from the site. Three test holes were drilled at this site. One deep hole (12E1) was screened 65 to 75 feet below land surface; two shallow holes (12E2 and 12E3) were screened 25 to 35 feet below land surface.
The lithologic and geophysical logs from the test holes at Libera Ranch are shown in figure 4. For the saturated unconsolidated deposits in the study area, a high resistance (deflections to the right on the single point resistance log) and a negative spontaneous potential (deflections to the left on the spontaneous potential log) indicates coarse-grained water-bearing deposits that yield water freely to wells; a low resistance and positive spontaneous potential indicates fine-grained deposits that do not yield water freely to wells. During drilling of well 12E1, samples were collected at depths of 30, 50, 70, and 110 feet for sand analysis in the more permeable zones. The percentages of silt and clay were determined in a tight clay zone at 50 feet.
The results of these analyses are shown in table 2.
After completion and development, the monitoring wells were pumped to estimate their yield and to collect water samples.
In the deep well (29N/6W-12E1), pumping rates in excess of 0.4 gal/min dewatered the casing. In the shallow well adjacent to the stream (29N/6W-12E2), low pumping rates dewatered the casing with no short-term recovery. In the shallow well farther from the stream (29N/6W-12E3), pumping rates in excess of 1.5 gal/min dewatered the casing.
The low yields in the two shallow wells were unexpected. Possibly the screens in these wells were partly clogged.
Water levels from June 1984 through June 1985 for the three monitoring wells are given in table 3. Well 12E1 is a flowing artesian well. During the period of record, water levels in wells 12E2 and 12E3 were at a higher altitude than the bottom of the stream channel but were about 13 feet lower than the water level in well 12E1; thus, ground water would tend to move upward from the Tehama Formation to the overlying fluvial deposits. The water in well 12E3 was on the order of 0.4 to 0.9 foot higher than in well 12E2, indicating a water-table gradient toward the stream channel in the shallow fluvial deposits.
Because the water levels were above the altitude of the stream channel during both high-and low-flow seasons, the stream probably gained water from the ground-water system. Well flowing from hole in casing (maximum elevation).
T ay lor Ranch
The Taylor Ranch site is at the proposed damsite on South Fork Cottonwood Creek 10 miles upstream from the town of Cottonwood. The U.S. Geological Survey gaging station South Fork Cottonwood Creek near Olinda (figs. 1 and 5) is adjacent to the site.
Only one test hole (29N/5W-32H1) was drilled at this site to a depth of 120 feet, and it was cased to monitor the hydraulic head in the uppermost water-bearing unit of the Tehama Formation in a sandy interval from 91 to 101 feet, overlain by dry, tight clay.
Difficulties in gaining permission and permits precluded the drilling of shallow offset wells at this site. The lithology at this site, shown in figure 6 , is characterized by elevated fluvial sands and gravels to a depth of about 18 feet, underlain by silty, sandy clay of the Tehama Formation.
Gamma and electric logs in figure 6 show that the Tehama Formation is predominantly fine grained, except for occasional sandy zones, such as that found at 91 to 101 feet.
Samples were collected from this hole in a tight clay zone at 40 feet and at 100 feet for full particle-size analysis; results of these analyses are shown in table 2. Samples also were retrieved at 41, 61, 81, and 121 feet for grain-size distribution and permeability determination.
Full particle-size distribution curves at these depths are plotted in figure 7 , and the associated vertical hydraulic conductivity is given in table 4.
After completion and development, the well was pumped for about 20 minutes until the yield stabilized at 1.2 gal/min with a drawdown of 13 feet. Generally, the water level at this well was 1.55 to 6.67 feet below the bottom of the adjacent stream channel (table 5) .
Even though the head gradient would indicate a downward movement of water, little water was vertically exchanged at this site due to tight clays of low vertical permeability. Water found in this part of the Tehama Formation was probably from farther upstream and updip where permeable Tehama beds contact stream-channel deposits. The lithologic log for this site shows that the upper 24 feet are fluvial deposits consisting of sand and gravel ( fig. 9 ). The Tehama Formation underlies these deposits and was determined by inspection of well cuttings to generally consist of fine sandy silt and clay down to 150 feet, and sand and gravel with some clay to 180 feet. Sand and gravel lenses are seen on the electric logs at 155, 165, and 170 to 180 feet.
At this site the Tehama Formation is permeable and is in some degree of hydraulic connection with the overburden.
Samples were collected for particlesize analysis from the deep test hole in the more permeable zones at 80, 160, and 180 feet below land surface, and in a tight zone of high clay content at 70 feet below land surface. The results of these analyses are given in table 2.
Test Drilling 19 N FIGURE 8.-Diagrammatic sketch of the Sartori Ranch well sites.
After the wells were completed and developed, they were test pumped to determine yield and to obtain water samples.
Results of the test pumping follow: During this period, altitudes of water levels in all three wells were below the altitude of the bottom of the stream channel. The water levels in the deeper well, 29N/4W-17B1, were more than 10 feet lower than in the shallower wells, indicating that water can move downward from the fluvial deposits to the underlying Tehama Formation. The water levels in the shallow wells were 4.32 to 10.26 feet below the altitude of the bottom of the stream channel, indicating that streamflow can recharge the fluvial and upper Tehama Formation at this site. The water level in well 17B2 is usually higher than in well 17B3, indicating a water-level gradient that slopes downward away from the stream channel.
During the summer of 1984, this gradient was reversed probably due to infiltrating irrigation water in the fields near well 17B3.
Cottonwood Creek Ranch
The Cottonwood Creek Ranch site is on the south bank of Cottonwood Creek just east of the U.S. Interstate 5 and old Highway 99 bridges about 10 miles downstream from the Libera Ranch site ( figs. 1 and 10) .
A California Department of Water Resources gaging station is adjacent to the site, and the U.S. Geological Survey gaging station Cottonwood Creek near Cottonwood is located about 2 miles downstream.
Three test wells one deep and two shallow were drilled at the site.
The deep well (29N/4W-11Q1) was screened from 78 to 88 feet, one shallow well (29N/4W-11Q2) was screened from 30 to 40 feet, and the other shallow well (29N/4W-14B1) was screened from 32 to 42 feet. The lithology of this site ( fig. 11 ) is characterized by fluvial sand and gravel to a depth of about 66 feet below land surface. From below 66 feet to the bottom of the hole, very fine sand, silt, and clay predominate, with some interbedded, gravelly, medium-grained sand lenses.
These fine-grained deposits probably are part of the Tehama Formation.
The electric logs in figure 11 show a high resistance and a negative spontaneous potential from 20 to 66 feet, which correlates with a gravelly, sandy zone containing low conductivity water in the fluvial deposits.
From 66 to 70 feet, decreasing resistance and increasing spontaneous potential correlates to the increasing clay content of the Tehama Formation.
Fluctuations in the electric logs showing higher resistance and negative spontaneous potential indicate the presence of cleaner sand and gravel within the Tehama Formation. The gamma log ( fig. 11 ) indicates a uniformly low clay content down to 66 feet, that increases from 66 to 76 feet.
Samples for particle-size analysis were collected from well 11Q1 in a confining clay zone at 80 feet and from well 11Q2 at about 40 feet in the water-bearing fluvial material. Results of the analyses are shown in table 2.
After completion and development, all three monitoring wells were pumped for approximately 20 minutes at 10 to 15 gal/min to determine well yield and to obtain water samples.
Drawdowns were about 36 feet in all the wells with recoveries to within a foot of prepumping levels occurring in well 11Q1 after 35 minutes and in wells 11Q2 and 14B1 after 10 minutes.
Water-level data collected from June 1984 through June 1985 for the three wells are given in table 7.
Generally, water levels in wells 11Q2 and 14B1, which were screened opposite the fluvial deposits, were slightly higher than the water level in well 11Q1, which was screened in the upper Tehama Formation sediments; they were also higher than the stream surface.
The water level in well 14B1 was about 0.1 foot higher than well 11Q2, suggesting a slight water-table gradient toward the stream channel. All three wells maintained water levels above the altitude of the stream bottom during normal and low-flow conditions. This head gradient and the fact that confining beds encountered during drilling contained coarser material than similar beds at the upstream sites suggest a freer exchange of water between the stream and the Tehama Formation at this site. 
RESULTS OF PRELIMINARY TRITIUM ANALYSES OF GROUND-WATER SAMPLES
On September 10-11, 1984, water samples for tritium dating were collected from the deep wells. Subsequent planned sampling and analyses were not completed because the study was terminated as described earlier.
Results of stable-isotope analyses (deuterium and oxygen-18) of water from wells and streams were inconclusive and are not presented. However, they did indicate isotopic differences between streamwater and the water in the AndersonCottonwood Irrigation District Canal, which is supplied by Keswick Reservoir on the Sacramento River farther to the north and outside the study area.
To assure representative sampling of formation waters uncontaminated by drilling mud, the wells were pumped until specific conductance and turbidity seemed to stabilize before collecting the samples. This could not be done in all wells.
At the Libera Ranch site, a sample for tritium was not collected from the deep well because well recovery was slow and less than a casing volume was evacuated before the sampling. The deep well at the Taylor Ranch site was pumped only briefly before sampling.
The tritium samples were collected into 125-mL glass bottles with Poly seal caps.
The bottles were rinsed several times with the water to be sampled before filling. The tritium-sample bottles were flushed with N 2 gas and completely filled before sealing. The tritium was analyzed by Dr. Robert Michel of Mount Soledad Tritium Laboratory, at the University of California, San Diego.
The tritium results are reported as a concentration (TU=1 tritium atom/10 18 hydrogen atoms) rather than as a ratio.
A tritium concentration of zero tritium units (TU) indicates water that entered the ground-water system over 100 years ago. Concentrations greater than 25 TU indicate that the water is of post-1954 origin, the year fusion bomb testing began. Tritium concentrations between 0 and 25 TU indicate either a mixture of old and new water or an intermediate-aged water that has lost part of its Field investigations made in conjunction with the U.S. Army Corps of Engineers' deep test wells at the damsites and the drilling of the shallower U.S. Geological Survey test holes along the stream channels confirm that the Pliocene Tehama Formation sediments consist of a thick succession of interbedded, sandy clay, clayey sand with permeable beds of poorly sorted sand and gravel, and occasional cemented gravel.
Beds with high clay content confine the formation water.
Where exposed, the more permeable lenses of sand and gravel indicate a braided channel deposit on a broad alluvial fan. Pumping tests by the U.S. Army Corps of Engineers as part of their studies indicated that channel deposits of the Tehama Formation have lateral hydraulic continuity.
As a geologic unit, the Tehama Formation dips to the northeast at less than 2° with generally less than 50 feet of overburden consisting of Quaternary nonmarine terrace deposits, Quaternary alluvium, and fluvial deposits adjacent to stream channels.
The purpose of the U.S. Geological Survey's test holes was to determine the vertical hydraulic connection between the upper Tehama Formation and the overburden at selected sites along Cottonwood Creek and South Fork Cottonwood Creek. At both the Libera Ranch and the Taylor Ranch test holes, adjacent to the proposed damsites, confining clays in the Tehama Formation were found, which would retard vertical movement of water between the stream channel and sand layers in the Tehama Formation. The head gradient was upward at the Libera Ranch site and downward at the Taylor Ranch site. Water in the Tehama Formation directly below both sites may come from a distance updip from the sites.
Water samples from the Taylor Ranch monitoring well indicate a long residence time, which could be due to slow ground-water velocity in low permeability material or to a more distant recharging source.
At the Sartori Ranch and Cottonwood Creek Ranch sites, the higher permeability of the Tehama Formation could allow a greater hydraulic interaction with the stream channel.
Movement of water between the stream and the Tehama Formation probably occurs principally along the nearly horizontal sand and gravel interbeds.
At the Sartori Ranch site, head gradients are downward, indicating the potential for stream-channel recharge into the overburden deposits and the Tehama Formation. At the Cottonwood Creek Ranch site, head gradients indicate the potential for flow from both the overburden and the Tehama Formation to the stream. Water from the deep monitoring well at this site is older and probably has a more distant recharge source than the water from the deep monitoring well at the Sartori Ranch site.
The relation of stream-channel recharge to the Tehama Formation can be summarized as follows: Ground-water movement is presumed to be principally along the most permeable of the gently dipping beds in the Tehama Formation. The gradient of Cottonwood Creek is less than the dip of the Tehama Formation and allows the stream to cut a number of the Tehama beds. Where the stream crosses coarser strata, recharge can occur if the head gradient between the stream and the Tehama Formation is downward, such as at the Sartori Ranch site.
Where the stream channel crosses silt and clay or where water-level gradients are upward, no recharge from the stream channel is indicated.
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